Blood oxygenation level-dependent (BOLD) fMRI signals often exhibit pronounced over-or undershoot upon changes in stimulation state. Current models postulate that this is due to the delayed onset or decay of perfusion-dependent attenuating responses such as increased cerebral blood volume or oxygen consumption, which are presumed to lag behind the rapid adjustment of blood flow rate to a new steady-state level. If this view is correct, then BOLD overshoot amplitudes in a specific tissue volume should be correlated with steady-state increases in perfusion, independent of stimulus type. To test this prediction, we simultaneously recorded BOLD and relative perfusion signals in primary visual cortex while inducing graded perfusion increases with three types of visual stimulus. Two of these, a diffuse chromatic stimulus with no luminance variation and a very high spatial frequency luminance grating, did not produce detectable BOLD overshoot (or undershoot) when an equal mean luminance baseline was used. Radial checkerboard stimuli, however, caused pronounced over/undershoot of both BOLD and perfusion signals even when temporal mean luminance was held constant and stimulus contrast was adjusted to produce the same steady-state blood flow increases evoked by the other stimuli. Transient amplitudes were relatively invariant in spite of large changes in steady-state response, demonstrating nonlinear BOLD and perfusion step responses in human V1. These findings suggest that, rather than a purely tissue-specific biomechanical or metabolic phenomenon, BOLD overshoot and undershoot represent transient features in the perfusion signal whose effects may be amplified by slowly evolving blood volume changes. 1999 Academic Press
INTRODUCTION
Sensitivity to blood oxygenation arises in T* 2 -weighted MR images of the brain because the local image intensity is generally subject to some degree of attenuation caused by deoxyhemoglobin (dHb), which is introduced into venous blood as tissues extract oxygen for aerobic metabolism. Increasing the perfusion rate in a tissue volume element generally leads to dilution of venous deoxyhemoglobin (Haacke et al., 1997) , reducing the tendency of the blood to attenuate the magnetic resonance signal. The resultant increase in signal intensity, referred to as the blood oxygenation level-dependent (BOLD) response, can be detected in images and forms the basis for functional MRI brain mapping (Kwong et al., 1992; Ogawa et al., 1992) . Increases in blood flow rate also cause distension of the highly compliant venous vessels, however, and the resultant increase in the fraction of tissue volume occupied by deoxygenated blood partially counteracts the diluting effect of the perfusion increase. If the rise in perfusion is due to heightened neuronal activity, then metabolic oxygen extraction may also increase, accelerating production of deoxyhemoglobin and further decreasing the BOLD signal. The net BOLD response is a balance between these three effects, with dHb dilution generally dominating to produce the commonly observed positive signal change with increased neuronal activity.
Temporal characteristics of the BOLD signal have attracted considerable interest recently, due to their physiological importance and implications for experimental design in fMRI. Although early work suggested that the BOLD response was a transient phenomenon (Hathout et al., 1994; Frahm et al., 1996) , subsequent studies have demonstrated that increases in neuronal activity produce positive changes in the steady-state BOLD signal (Bandettini et al., 1997; Chen et al., 1998; Howseman et al., 1998; Kruger et al., 1998) that can be sustained for arbitrarily long periods. This finding supported experimental design based on detection of steady-state changes, but current ''event-related'' fMRI techniques (Dale and Buckner, 1997 ) require a detailed understanding of dynamic aspects of the BOLD signal.
Two transient features are commonly observed in activation-induced BOLD responses: a large, positive postonset overshoot and a postcessation negative undershoot of similar amplitude. Both events are followed by an exponential-like decay to a new steady-state level within approximately 1 min. A small and brief (ϳ1 s) negative dip immediately following onset of stimulation is also occasionally observed (Menon et al., 1995; Ernst and Hennig, 1994; Yacoub et al., 1998) , but this feature is much less prominent. All of these responses have attracted intense interest as evidence for various physiological phenomena, and several biophysical models incorporating them have recently been introduced. These theories are generally based on temporal lag between perfusion adjustment (which is assumed to occur within several seconds) and the more gradual onset of an attenuating response such as increased oxygen consumption (Davis et al., 1994a; Frahm et al., 1996) or blood volume (Buxton et al., 1998; Mandeville et al., 1998b) .
Since it is also widely believed that CBV, CMR O 2 , and CBF are interrelated in a consistent (although incompletely characterized) manner in specific tissue volumes during steady-state brain activation (Grubb et al., 1974; Buxton and Frank, 1997; Buxton et al., 1998; Hyder et al., 1998; Mandeville et al., 1998b) , the amplitude of transient features of the BOLD signal should be strongly correlated with steady-state increases in cerebral blood flow. However, there are practically no data confirming this prediction. Most previous studies of BOLD signal dynamics in V1 have used a single maximal level of visual stimulation with darkness as a baseline condition (e.g., Bandettini et al., 1997; Kruger et al., 1998) , making it difficult to rule out the possibility that transient signal features reflect neuronal responses to abrupt changes in mean luminance level. Furthermore, most prior studies comparing different stimuli have not included simultaneous recording of the CBF response. In experiments where CBF was monitored, perfusion signals were isolated either by extrapolating T* 2 -weighted data acquired at multiple echo times (TEs) to estimate the pure inflow contribution at TE ϭ 0 or by subtracting variably flow-sensitive images acquired several seconds apart (Bandettini et al., 1997) . Due to the constant subtraction ordering generally used to remove BOLD signal contributions, such techniques are subject to systematic error during periods of BOLD signal change (in a recent study of BOLD undershoot this limitation was overcome by averaging across multiple control acquisitions (Buxton et al., 1998) ). Because such conditions apply during BOLD over or undershoot, the ability to detect these features in the perfusion signal is compromised. The sensitivity of MRI-based perfusion measurement techniques to transient CBF responses is further hampered by their very low signal-to-noise ratio (SNR), and the degree of signal averaging performed in prior work may have been inadequate to identify such features. These limitations are important, because current models of BOLD signal dynamics generally incorporate the assumption that there is no flow over/undershoot (Davis et al., 1994a; Buxton et al., 1998; Mandeville et al., 1998b) . Although MRI-based studies have generally failed to detect such behavior, perfusion over-and undershoots have been observed using Doppler ultrasound (Conrad and Klingelhofer, 1989) and laserDoppler flowmetry (Irikura et al., 1994) .
The goal of the present study was to address the above issues by inducing graded activation in a fixed cortical region of interest (ROI) while simultaneously recording its BOLD and relative CBF responses. Primary visual cortex (V1) was selected as a test system, since its well-characterized retinotopic organization (Tootell et al., 1988d) and contrast sensitivity (Tootell et al., 1988a) can be exploited to control activation within an easily delineated tissue volume. The technique used to simultaneously measure BOLD and perfusion signals was designed to permit accurate monitoring of the relative CBF response during rapid changes in BOLD signal, and extensive signal averaging was performed to overcome the SNR limitations inherent to quantitative perfusion methods.
The main experimental objectives of this study were: (1) to determine whether different visual stimuli evoking similar steady-state perfusion increases produce equal BOLD over-or undershoot and (2) to assess the degree of correlation between over/undershoot amplitudes and steady-state CBF increases produced by a specific stimulus pattern at different contrast levels and temporal modulation frequencies.
GENERAL METHODS

Overview
The study was organized into a series of experiments in which BOLD and perfusion time courses were measured during graded activation with different stimuli. A standardized experimental protocol was used in which BOLD and CBF responses were simultaneously measured and the different stimulation conditions of a given experiment were interleaved in random order. Data were averaged over multiple subjects with different randomization orders, and baseline signal levels were sampled before and after each stimulation interval. This approach ensured that any sources of systematic bias were distributed uniformly across all baseline and activation conditions, permitting accurate isolation of signal modulation due to deliberate changes in experimental conditions. All relative signal changes in all experiments were referenced to the same baseline condition, and a fixed ROI was used for all conditions (retinotopic mapping procedures, described below, were performed to restrict ROIs to true striate cortex). In all experiments except one, a series of scanning runs of 6 min duration each was performed, with stimulation state divided into the following three epochs: a 1-min initial baseline period, a 3-min stimulation interval, and a final 2-min baseline period. In this section we first describe general procedures pertaining to the entire study, followed by specific methods and results for the two main sets of experiments.
MRI Data Acquisition
The BOLD signal and relative CBF were simultaneously recorded using an interleaved MRI pulse sequence consisting of a standard FAIR (flow-sensitive alternating inversion recovery) acquisition Kim, 1995) with a T* 2 -weighted (BOLD) EPI acquisition added after each of the two inversionrecovery (IR) acquisitions used in the basic FAIR technique. The inversion time used in the FAIR acquisitions was 900 ms, with a TE of 20 ms. A longer echo time of 50 ms was used in the T* 2 -weighted BOLD acquisitions. Images of relative perfusion were produced by subtracting nonselective from selective IR images, and T* 2 -weighted images were added in a pairwise fashion to produce a single BOLD image overlapping in time with each FAIR image. Excitation pulses were separated by a 3-s repetition time (TR), resulting in a temporal resolution of 12 s per BOLD/ perfusion image pair, which is sufficient for monitoring typical BOLD over-and undershoots. All images were acquired on a single-slice 64 ϫ 64 matrix with 5 ϫ 5-mm 2 in-plane voxel dimensions and 7-mm slice thickness, along an oblique axial plane parallel to the calcarine sulcus. Both FAIR and BOLD images used identical gradient echo EPI readouts, resulting in exact spatial correspondence between voxels in the two modalities. Audible gradient activity associated with the inversion prepulses of the FAIR acquisition was duplicated before the BOLD acquisitions, making the different phases of the sequence indistinguishable to the subjects.
BOLD contamination of FAIR data was minimized by using an echo time of 20 ms, the shortest achievable on our system for the EPI readout used. At our field strength of 1.5 T, such a relatively short echo time should yield low BOLD sensitivity. This was verified by assessing the level of activation-induced signal change in the nonselective IR images, which was found to be negligible (Fig. 1) . Inflow contamination of the long-TE BOLD data was minimized by using a TR (defined here as the interval between excitation pulses) of 3 s, sufficient for nearly complete longitudinal relaxation at 1.5 T. Inflow contributions to the BOLD measurements were assessed by comparison of BOLD images following selective vs nonselective IR acquisitions ( Fig. 2 ) and found to be slight (less than the standard error of measurement).
To permit accurate monitoring of perfusion during periods of BOLD signal change, half of the subjects in every experiment were imaged with the order of the selective and nonselective phases of the FAIR acquisition reversed. This canceled out any systematic bias due to changes in T* 2 in the interval between selective IR imaging and the nonselective control phase. The use of a short TE in the IR acquisitions further reduced the possibility of error due to BOLD contamination and increased the SNR of perfusion measurements. Although the FAIR signal is not an absolute measure of tissue perfusion, it has been shown to be linearly proportional to cerebral blood flow in theoretical and experimental studies (Detre et al., 1994; Kim, 1995) . large voxel dimensions used in our acquisitions (5 ϫ 5 ϫ 7 mm 3 ), the average blood volume in our voxels was relatively low and macrovascular contributions appeared to be minimal (FAIR images resembled PET maps of resting CBF). Average percentage increases in the V1 FAIR signal using our sequence and ROI delineation procedure with maximal visual stimulation were comparable to typical PET measurements of relative CBF during similar activation paradigms Raichle, 1984, 1985; Marrett and Gjedde, 1997) .
Subjects were immobilized using a head-holder assembly incorporating a bite bar, rigidly mounted ear cups which could be tightly clamped against the head, and a small saddle-shaped fixture pressed firmly into the subject's nose bridge. Subject motion, assessed by rapidly stepping through image sets and examination of temporal standard deviation images, was negligible using this apparatus. No subjects were discarded. A receive-only circularly polarized surface coil was built into the head immobilization assembly, providing high signal-to-noise ratio MRI signals from the occipital lobe. All experiments were performed on a 1.5-T Siemens Magnetom Vision MRI system.
Visual Stimulus Presentation
Visual stimuli were generated in real time using a Silicon Graphics O 2 computer with locally developed OpenGL-based software. The RGB output was used to drive an LCD projector (NEC MT820) operating in 640 ϫ 480 mode at 60 Hz. Subjects viewed stimuli projected onto a screen mounted above their heads via a mirror while lying prone in the scanner. Stimulus presentation was automatically synchronized to data acquisition, and alertness and fixation were continually verified and logged in all subjects by requiring them to report, at 3-s intervals throughout all experiments, the orientation of a small, low-contrast triangular fixation marker presented at the center of the display in a left-right orientation (᭣ or ᭤) that was varied at random intervals. Feedback was given via an MRI compatible two-button mouse.
All stimuli filled the entire rectangular area of the 640 ϫ 480 pixel display (radial checkerboard stimuli were not restricted to a circular region), subtending 20°ϫ 27°of visual field. The marker used in the attention/fixation task performed by subjects during all baseline and activation periods occupied the central Ϯ0.5°of the display, but this region did not encroach on the 5°-10°eccentricity range of V1 included in spatial averages.
Region of Interest Delineation
To avoid mixing of heterogeneous physiological and neuronal responses which might occur if we pooled multiple visual areas, all measurements in this study included only tissue in primary visual cortex from 5°-10°eccentricity. At the spatial resolution of our MRI measurements, V1 is likely to be relatively homogeneous in terms of its neuronal, metabolic, and MRIrelevant structural properties. The only significant difference between distinct volume elements in V1 is the portion of visual field represented. Blood volume fraction may vary somewhat between voxels, but the average CBV within V1 is likely to resemble wholebrain values for perfused cortex. There is some functional heterogeneity due to cortical magnification of central visual field, but restriction of our measurements to peripheral eccentricities minimized the significance of this effect.
Maps of visual field eccentricity and polar angle representation within V1 were generated for each subject in separate preliminary scanning sessions, using methods adapted from (Sereno et al., 1995) . The BOLD acquisition used for retinotopic mapping was identical to the one used in interleaved BOLD and CBF measurements, except that a 16-slice acquisition with isotropic 4-mm resolution was used. The V1 visual field maps were resampled onto the voxel grids used in subsequent experiments according to the computed transformation required to align high-resolution anatomic images acquired at the beginning of each scanning session (Collins et al., 1994) . Primary visual cortex was defined as being the retinotopically organized region within the left or right calcarine sulcus containing a mirror-image representation of the contralateral visual hemifield.
The 5°-10°eccentricity range was chosen because it lay within the region stimulated by the test patterns used in our experiments, while avoiding sagittal sinus interference and confluence of multiple visual areas that can occur near the foveal representation. Because all stimuli used in the present study encompassed this portion of the visual field, every voxel within the retinotopically defined ROI was guaranteed to contain activated neurons during stimulation. Figure 3 shows examples of V1 retinotopic mapping used for ROI delineation. Activation patterns produced by different conditions used in our experiments are also shown, illustrating that ROIs derived from activation maps would vary depending on stimulus type. The use of retinotopic criteria for ROI delineation avoided this problem and identified regions necessarily activated by all stimuli. The average ROI volume was 1.7 cc.
The different experiments are summarized in Table 1 and described individually in detail in the following sections. Subjects (healthy volunteers) gave informed consent and the experimental protocol was approved by the Research Ethics Committee at the Montreal Neurological Institute. Volunteers had no known neurological abnormalities and possessed normal or corrected-tonormal vision.
Experiments 1-3: Stimulus Specificity
Methods. In these experiments, BOLD and CBF time courses were recorded during presentation of different visual stimuli to determine whether they all produced BOLD over-or undershoot when similar steady-state perfusion increases were induced. The time-averaged luminance of all points in the visual field was held constant, and each pattern was presented at four contrast levels. This allowed us to compare responses to different stimuli at overlapping levels of steady-state perfusion, eliminating the possibility that stimulus-specific transient BOLD features could be due to differences in CBF response magnitude. In each of these experiments, the results were averaged over 12 subjects.
Three different visual stimulus patterns were investigated. In Experiment 1, a red uniform field changed to isoluminant grey and back at 3 Hz was used. Experiment 2 employed a 4 cycle per degree (cpd) black and white squarewave grating drifting across the visual field at one degree per second at systematically varied orientations. In Experiment 3, we measured responses to a radial checkerboard pattern containing both color (yellow/blue) and luminance contrast, with 30 spokes and 6.5 rings (counting from 0.5°to 10°eccentricity; defined as the angle from the center of the visual field) of equal radial thickness, modulated in a temporal squarewave at 4 Hz (all frequencies in this paper are specified as squarewave modulation frequencies; 4 Hz is equivalent to eight contrast reversals per second). The first two stimuli (the 4 cpd grating and the red field) have been found, in previous autoradiographic studies (Tootell et al., 1988b (Tootell et al., , 1988c , to selectively activate either the blob or the interblob systems of primate V1 (at peripheral eccentricities). Due to disparate levels of the aerobic metabolic enzyme cytochrome oxidase, it has been suggested that these tissues may exhibit different coupling between blood flow and oxygen consumption, leading to differences in their BOLD responses to stimulation (Caramia et al., 1995; Kruger et al., 1998; Bandettini et al., 1997; Marrett and Gjedde, 1997; Vafaee et al., 1998) . The two patterns were therefore included, to test this prediction. The radial checkerboard pattern should be less selective, activating larger numbers of neurons, due to the combination of color and luminance contrast and inclusion of a broad range of spatial frequencies at multiple orientations.
Potency of the various stimuli was varied by changing their luminance contrast and, where applicable, chromatic saturation (by dilution with variable amounts of white) in linear steps. Luminance contrast was defined as the temporal luminance modulation amplitude expressed as a percentage of the mean luminance, while chromatic saturation was defined to be the percentage of contribution of a ''pure'' color (red, blue, or yellow) to the total luminance of a pixel. Potency of the yellow/blue radial checkerboard was graded by simultaneously changing both luminance contrast and color saturation, while that of the red uniform field was graded by varying color saturation of the red phase without changing its luminance. Psychophysical isoluminance between the red and gray phases was achieved by having subjects adjust the luminance of the gray FIG. 3 . Example of resampled retinotopic mapping data (a-c), used for ROI delineation, from a single subject. Maps of activation produced by different experimental stimuli (d-f) in the same subject are included for comparison. (a) Normalized FFT modulus map (Sereno et al., 1995) showing retinotopic responses to a cyclically dilated visual stimulus. (b) Map of visual field eccentricity in retinotopically organized areas, overlaid on BOLD image acquired with interleaved sequence. Only the region of V1 receiving input from 5°to 10°(approx. green = yellow, inclusive, in eccentricity map) in each subject was included in spatial averages. (c) Polar angle map for the same subject overlaid on BOLD image. Retinotopic representation of the contralateral visual hemifield within the left and right calcarine sulci was a criterion for V1 identification. (d) Regions activated by red/gray uniform field stimulus. (e) Regions activated by 4 cpd drifting squarewave grating. (f) Regions activated by yellow/blue radial checkerboard. Extrastriate areas (e.g., V5, V3a) are activated in e and f, due to luminance modulation and apparent motion in the stimuli. Activation maps (d-f) were generated using Spearman rank-order correlation (Press et al., 1992) and thresholded to 0.01 significance with correction for multiple comparisons. phase to minimize apparent flashing of a 5°-10°red annulus in a flicker photometry procedure (Ives, 1923) conducted in the scanner. Otherwise, all stimulus color and intensity values were calibrated to ensure contrast linearity using a single-channel optometer with photometric detector (Model S370, United Detector Technology). All stimuli converged in appearance to the uniform gray field baseline as contrast/saturation approached zero.
Results. Figure 4 shows average BOLD and perfusion signals recorded in V1 during presentation of the three stimulus types. In general, steady-state BOLD signal levels were strongly correlated with steady-state perfusion responses, and all responses reached maximal levels within a single sampling interval (12 s). However, two signal characteristics varied systematically with stimulus type: the sensitivity of the response magnitude to reductions in stimulus contrast and the shape of the temporal waveform. Responses to the red uniform field were found to decrease dramatically when the color saturation was reduced from 75 to 50%, while the response to the high spatial-frequency grating was an approximately linear function of contrast. Reducing the contrast of the radial checkerboard stimulus from 25 to 6.25% attenuated the response very little, however. The radial checkerboard was also unique in being the only stimulus to produce systematic BOLD over-and undershoot upon onset and cessation of stimulation. Given the similarity of the checkerboard responses at different contrasts, we computed the average of the four time courses shown in Figs. 4e and 4f to further increase the SNR of the perfusion data. This resulted in the plots shown in Fig. 5 , which show the strong overshoot of the BOLD signal, and reveal a detectable overshoot in the perfusion data (based on standard error of signal amplitudes averaged across subjects and runs). Exponential curves fit to the BOLD data indicated time constants of 25.8 Ϯ 5 s for the overshoot and 19 Ϯ 3 s for the undershoot. Exponential functions with the same time constants produced reasonable fits with the noisier perfusion data. Subjects reported that the checkerboard pattern produced a persistent (up to 1 min) afterimage that was not noted with other patterns.
Experiments 3-7: Comparison of Transient and Steady-State Responses
Methods. Because our stimulus specificity experiments revealed that the yellow/blue radial checkerboard stimulus produced consistent BOLD over-and undershoot, the pattern was singled out for further examination in this section. In these experiments, a wide range of steady-state perfusion increases were produced by varying the temporal modulation frequency and contrast of the checkerboard pattern. We then assessed the degree of correlation between BOLD over-and undershoot amplitudes and steady-state perfusion increases. Data from Experiment 3 were also included in this correlational analysis. In Experiment 4, the 4-Hz radial checkerboard used in Experiment 3 was presented at higher contrast levels.
In Experiment 5, the radial checkerboard stimulus was again used, at constant maximal contrast and different temporal modulation frequencies ranging from 1 to 8 Hz. The scanning run duration and stimulus presentation timing used in this experiment were different from that used in all other experiments: a 1 min baseline period was followed by 7 min of stimulation. This study was averaged over 10 subjects.
In Experiment 6, we investigated the effect of varying the luminance of the uniform field used as a baseline condition. The object was to determine whether an abrupt change in temporal mean luminance contributed to BOLD overshoots. All previous experiments used a gray field baseline at the temporal and spatial mean luminance of the experimental stimulus. In Experiment 6, five scanning runs were conducted, in random order in six subjects, with baseline luminance levels spanning the full range of the display hardware.
In a final experiment (No. 7), we sought to determine whether changing the temporal modulation waveform of the checkerboard stimulus from a squarewave to a function with a slower rise time would affect the response dynamics. The radial checkerboard stimulus was presented to six subjects with both square and triangular modulation waveforms at 4 Hz and a constant contrast amplitude of 75%.
In Experiments 3, 4, and 6, over-and undershoot amplitudes were estimated by taking the intersubject average of the first two time points immediately following changes in activation condition. Steady-state signal levels were computed by averaging responses in all subjects over the second and third minutes of stimulation. Baseline signal levels for percentage change calculations were defined as the average signal level during the initial 1-min baseline period and the final 1-min steady-state baseline period. The first time point of each scanning run, comprising four EPI scans, was discarded to ensure stabilization of longitudinal magnetization. Transient amplitudes were then plotted as a function of steady-state perfusion level and, for Experiment 6, baseline luminance level.
Results. Figure 6 shows perfusion and BOLD signals recorded in Experiments 3 and 4, plotted on the same axes. Variation of steady-state perfusion over a wide range, using 4-Hz radial checkerboard stimulation at different contrasts, caused surprisingly little change in either over-or undershoot magnitude. Changing the checkerboard modulation frequency at constant contrast produced an even more striking dissociation between the BOLD overshoot amplitude and steadystate CBF response, as shown in Fig. 7 . At the lowest modulation frequency of 1 Hz, a decline in the flow signal is clearly visible (note: in 6 of the 10 subjects, recording was continued following termination of the 7-min stimulation interval and a strong undershoot was observed at all frequencies).
FIG. 4.
Simultaneously measured perfusion and BOLD signals from peripheral V1 during graded CBF increases induced with different stimuli (Experiments 1-3 ; n ϭ 12). The four gray bars in each plot represent stimulation intervals of 3 min duration each. Contrasts were adjusted, in linear steps, to produce overlapping steady-state perfusion responses to all stimuli (contrast/saturation levels increase from left to right; see Table 1 Varying the luminance level of the baseline uniform field display (Experiment 6) had no significant effect on either transient or steady-state radial checkerboard responses, which are plotted in Fig. 8a . Changing the temporal modulation waveform shape from square to triangular (Experiment 7) caused a small decrease in response magnitude, but did not change the shape of the BOLD step response, as shown in Fig. 8b . Figure 9a shows transient and steady-state BOLD responses to 4-Hz radial checkerboard stimulation (from Experiments 3 and 4) plotted as a function of steady-state perfusion. While steady-state BOLD signal increases appeared to be a linear function of the steady-state perfusion response, the BOLD undershoot amplitude exhibited almost no variation across a wide range of flow levels. Magnitude of the BOLD overshoot was a nonlinear function of steady-state perfusion, with much of the correlation probably arising from inclusion of variable steady-state contributions in the second time point used for averaging (in a separate article, currently in press, we examine steady-state BOLD/CBF correlations in detail (Hoge et al., 1999) ). Transient and steady-state responses are plotted as a function of baseline luminance in Fig. 9b , illustrating their lack of dependence on this parameter.
DISCUSSION
BOLD signal transients in V1 appear to be neurally mediated responses that only arise when specific visual patterns are presented. Moreover, transient amplitudes were generally uncorrelated with changes in steady-state perfusion produced by viewing overshootevoking stimuli at different temporal modulation frequencies and contrast levels (although steady-state BOLD and CBF increases were strongly correlated). These observations are difficult to explain fully using biomechanical temporal-mismatch models, because such models predict that the over and undershoot amplitudes produced by a given perfusion increase should be constant in a fixed tissue volume, independent of stimulus type.
Because of the retinotopic criteria used to restrict spatial averages within subjects, the observed variations in step response cannot be attributed to tissuespecific differences. Every voxel in each ROI was certain to contain activated neurons, and hence undergo accelerated perfusion, during all stimulation conditions. Different voxels varied only in the portion of visual field represented, within a restricted peripheral range, so there was practically no possibility of intervoxel variations in response dynamics. While it is beyond the scope of this paper to derive a detailed neural model explaining the observed behavior, we can interpret our results in terms of multiple neuronal systems, distributed within primary visual cortex, that are individually attuned to particular spatial and temporal characteristics of visual input. The unique transient responses associated with radial checkerboard stimulation could be explained in terms of systems that are unable to detect diffuse isoluminant stimuli or very high spatial-frequency patterns. This notion is supported by the distinctively high contrast sensitivity to this pattern in V1, which is characteristic of the color-insensitive, low-acuity magnocellular visual pathway (Livingstone and Hubel, 1987) . The overshoot observed at the onset of checkerboard stimulation could be produced by temporary activity in a specific subpopulation of neurons with extremely high contrast sensitivity and subject to gradually increasing inhibitory feedback. Persistence of the inhibitory influence following stimulus cessation could produce the observed undershoot. While this hypothetical mechanism is superficially similar to the temporal-mismatch biomechanical/metabolic models mentioned above, such a neuronal subsystem could, more plausibly, be completely independent of other visual pathways capable of sustained activity during continuous stimulation.
The current prevalence of models describing BOLD overshoot as a general, mechanistic phenomenon can probably be attributed partly to the popularity of dark baseline conditions and checkerboard stimuli in studies of BOLD contrast mechanisms (Davis et al., 1994a,b; Hedera et al., 1995; Frahm et al., 1996; Bandettini et al., 1997; Kleinschmidt et al., 1997; Janz et al., 1997; Kruger et al., 1998; Fransson et al., 1998) . Patterns similar to the checkerboard used in our study have been favored due to their compatibility with the modest resolution of available display hardware, the known potency of high luminance-contrast stimuli, and the belief that many orientation-selective cells will be concurrently stimulated. The radial checkerboard was indeed found to be a potent stimulus, producing much larger steady-state responses at maximal contrast (approximately double the perfusion increase) than more pathway-specific input such as the red field and high spatial-frequency grating. However, the prominent transient features observed in checkerboard-evoked BOLD signals were found to be atypical responses that were not produced by other patterns, illustrating the risks inherent in generalizing results obtained with a specific stimulus. Although we found that neither the transient nor the steady-state responses associated with radial checkerboard stimulation depend on baseline luminance levels, this is probably not the case with diffuse stimuli. Abrupt increases in the luminance of a uniform field have been shown to produce a transient BOLD response followed by a decay to baseline (Bandettini et al., 1997) , suggesting that previous observations of overshoot with diffuse stimuli may have been due to the use of a dark baseline.
Temporal-mismatch models of BOLD overshoot have generally incorporated the assumption, commonly accepted as axiomatic, that perfusion responses restabilize within several seconds in an approximately trapezoidal step response. Our data indicate that, on the contrary, a perfusion overshoot underlies BOLD transient responses. The extremely low signal-to-noise ratio of MRI-based perfusion measurements combined with insufficient signal averaging and the potential inaccuracy of conventional spin-labeling techniques during non-steady-state conditions are probably the reasons why this feature was not observed in previous studies. However, using 48 signal averages and our orderalternated FAIR method, we obtained results that were in qualitative agreement with previous laser and ultrasound-based Doppler flow studies (Conrad and Klingelhofer, 1989; Irikura et al., 1994) .
Although BOLD over-and undershoot were found to be consistently associated with similar transients in the perfusion signal, the low SNR of the perfusion data made detailed assessment of the relationship between the amplitudes of these features difficult. It was nonetheless apparent that the transient features observed in the perfusion waveforms were amplified in the BOLD signals (relative to the steady-state portion of the waveform). This may in fact be due to a slowly evolving CBV response similar to the behavior described in rat somatosensory cortex by Mandeville et al. (1998a) .
A number of recent studies have demonstrated approximately linear behavior in BOLD fMRI responses (Boynton et al., 1996; Dale and Buckner, 1997) . When visual stimulus contrast was modulated using a step function in our study, however, the shape of the response waveform varied significantly depending both on the spatiotemporal pattern used as a signal carrier and on the amplitude of the input. While this clearly violates the basic requirement that a linear timeinvariant system have a unique step response function, it does not necessarily imply that fMRI techniques such as event-related averaging are inherently flawed. The nonlinearities involved are predominantly neuronal and may be less severe when very short, randomly spaced stimulus presentations are used. Our results do indicate, however, that measurements of the BOLD response (and any other index of neuronal activity) as a function of a stimulus parameter may depend strongly on the recording interval. A BOLD contrast-response curve derived from 500-ms presentations of our yellow/ blue radial checkerboard stimulus in an event-related fMRI study would presumably be very different from one based on steady-state responses. This does not reflect a deficiency in either approach, but rather the ability of each to capture a specific phase of the neuronal response.
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